The ability to adapt to environmental changes is a necessary strategy for cell survival. Spt23 is responsible for regulation of -9 desaturase expression in Pichia pastoris. Disruption of SPT23 leads to a remarkable decrease in cellular unsaturated fatty acids. In this study, we found that deletion of SPT23 resulted in growth defects under high temperature culture conditions and heat treatment induced the expression of SPT23. By measuring expression changes of heat shock proteins, protein levels and cellular localization of Hsf1, it was revealed that the sensitivity of spt23 to high temperature was independent of the heat shock response. Addition of the osmotic stabilizer sorbitol can restore the growth defects of spt23 under heat conditions. In addition, loss of SPT23 led to increased plasma membrane permeability, decreased plasma membrane integrity, depolarization, ergosterol synthesis defects and cell wall component disorder, which suggested that the sensitivity to heat treatment in spt23 was due to plasma membrane damage. Taken together, our results give new insights into the relationship between Spt23 and high temperature environmental stress.
INTRODUCTION
Most eukaryotic organisms have their own optimum living temperature range. Once the external environmental temperature changes, the organism need to be aware of it and transmit the signals from the exterior to its interior. A series of reactions are carried out to cope with the impact of the change and maintain normal physiological activities.
It has been proved that all organisms develop a common molecular response to rapid changes of elevated temperature. This response involves a dramatically increased expression of heat shock proteins (HSPs) (Morimoto 1993) . In Escherichia coli, a heat shock regulatory gene (htpR) is required for cell growth under high temperature conditions (Yura et al. 1984) . HSPs play an important role in protecting plants against abiotic stresses by stabilizing proteins and membranes, and refolding proteins upon stresses (Wang et al. 2004) . Rising temperature can induce purified heat shock transcription factor to change its conformation in vitro (Lee et al. 2000) . In mammalian cells, expression of Hsp genes are induced by heat shock factor 1 (HSF1) in order to increase stress resistance (Feder and Hofmann 1999) . Thus, the heat shock response is essential for cell viability among organisms under stress conditions, especially high temperature treatment. By using a genome-wide approach, a series of genes involved in heat-shock resistance have been uncovered (Hahn et al. 2004; Jarolim et al. 2013) . The majority of these genes encode proteins with a large number of biological functions, especially including protein folding and degradation (Hendrick and Hartl 1993) , DNA-and RNA-modifying enzymes, maintenance of cell integrity (Richter, Haslbeck and Buchner 2010) , lipid metabolism and vacuolar H + -ATPase (Jarolim et al. 2013) . These facts indicate that response to heat shock is a kind of global regulation that requires mobilizing the participation of the whole cell. The plasma membrane is the barrier between the interior and exterior of the cell and plays important roles in protecting cells from many stresses. High temperature conditions trigger cell damage, including to the cytoskeleton, Golgi, endoplasmic reticulum, mitochondria and nucleoli (Welch and Suhan 1985; Toivola et al. 2010) . Further, membrane morphology changes, membrane proteins aggregate and membrane fluidity increases. Changes in membrane morphology result in increased membrane permeability and decreased membrane integrity. Finally, these effects result in growth inhibition and even cell death (Richter, Haslbeck and Buchner 2010) . In Physcomitrella patens, sensing of the heat signal occurred at the plasma membrane by a specific membrane-regulated Ca 2+ influx (Saidi et al. 2009 ).
Membrane lipid composition plays an important role in the calcium-dependent heat-signaling pathway (Saidi et al. 2010) . Studies have shown that heat and ethanol stress resulted in similar changes in plasma membrane protein composition and decreased plasma membrane H + -ATPase protein in Saccharomyces cerevisiae (Piper 1995) . All these facts suggest a close connection between high temperature sensitivity and plasma membrane. In yeast, membrane is composed of phospholipid, sphingolipid, ergosterol and proteins. The composition of phospholipid and sterol is involved in yeast thermotolerance (Beney and Gervais 2001; Caspeta et al. 2014) . Fatty acids are the synthetic precursors of many lipids, and changes in the type and content of fatty acids can affect cellular lipid homeostasis. Unbalanced lipid homeostasis further influences membrane properties and the ability to resist stress.
Our previous study has demonstrated that Spt23 regulates the transcription of fatty acid desaturase genes (Yu et al. 2012a) . Deletion of SPT23 resulted in increased sensitivities to ethanol, calcofluor white (CFW) and dithiothreitol, which had a correlation with defective unsaturated fatty acid synthesis (Zhang et al. 2016) . In this study, we found that disruption of SPT23 led to increased sensitivities to high temperature, and the expression of SPT23 was induced upon heat treatments. Our data revealed that heat shock response had nothing to do with the growth defect. Further, we found that high temperature triggered plasma membrane damage, including increased permeability, decreased integrity, depolarization, and ergosterol synthesis disorder in spt23 , which implied a relationship between plasma membrane damage and growth defects upon high temperature. In addition, cell wall composition was changed in spt23 too. All these results suggested that Spt23 played an essential role in protecting cells from heat stress. We hypothesized that deletion of SPT23 resulted in unsaturated fatty acid synthesis defects that further influenced membrane structure, so that cells could not deal with cell damage from heat.
MATERIALS AND METHODS

Strains and growth conditions
All strains used in this study are listed in Table 1 . Cells were cultured in YPD medium (1% yeast extract, 2% peptone, 2% glucose). For selection of specific P. pastoris transformants, cells were cultured in YPD plus 100 μg/mL Zeocin (Invitrogen, USA). To test the sensitivities upon stress conditions, CuSO 4 , sorbitol and fluconazole were added into the YPD medium according to the indicated concentrations.
Plasmid and strain construction
The plasmid used in this study is listed in Table 1 . Primers used in this study are listed in Table 2 . The strains producing Hsf1-green fluorescent protein (GFP) fusion proteins were produced by PCR-mediated homologous recombination with the plasmid pIB1-GFP-ZEO and the primers HSF1-GFP-1, HSF1-GFP-2, HSF1-GFP-3, HSF1-GFP-4, HSF1-GFP-5 and HSF1-GFP-6.
Thermal treatments
Different heat treatments as described below were used in this study.
(i) Cells were cultured overnight in liquid YPD medium at 30
• C and re-cultivated in liquid YPD medium at either 30 • C or 37
• C to log-phase.
(ii) Heat shock: cells were cultured in liquid YPD medium at 30
• C to log-phase and then immediately exposed to 42
• C for 15 min. 
GGCTTTAATTTGCAAGCTCTTAATTACT CCTTTAGATCCGC HSF1-GFP-6 TCTGCTTTGACATGGGATGC (iii) Heat slope: cells were cultured in liquid YPD medium at 30 • C to log-phase and then immediately exposed to heat slope from 30 • C to 42
• C using a PCR gradient thermal cycler. The heat slope PCR program was applied at a rate of 0.4 • C/min.
RNA preparation and analysis
Cells were harvested and washed with dH 2 O twice. The total RNA was then extracted with Eastep Super total RNA extraction kit (Promega) and used for reverse transcriptional synthesis of cDNA. Real-time PCR was performed using SYBR Green qPCR Supermix (TransGen Biotech) according to the manufacturer's instructions. The relative expression changes were determined by the 2 − C T method and the expression level of ACT1 was used as an endogenous control.
Western blotting
Cells were collected and washed with dH 2 O twice. Protein extracts were isolated with glass beads for disruption. Cell lysates were analyzed by SDS-PAGE and immunoblotted with mouse anti-HA antibodies or rabbit anti-GFP antibodies (Sigma-Aldrich). Immunoblots were probed with anti-α-tubulin antibody (Novus Biologicals) as a loading control.
Fluorescence microscopy
GS115+Hsf1-GFP and spt23 +Hsf1-GFP were cultured at 30
• C to log-phase. After being treated by heat shock, cells were examined and photographed with a fluorescence microscope (BX-53, Olympus, Japan).
Propidium iodide staining
After thermal treatments, cells were collected, washed with phosphate-buffered saline (PBS) and suspended in PBS. The cell suspensions were stained with 10 μg/mL propidium iodide (PI, dissolved in distilled water; Sigma-Aldrich, USA) for 5 min. After staining, cells were observed and photographed with a fluorescence microscope (BX-53, Olympus, Japan). The number of PI-stained cells and total cells were counted and the percentage of PI-positive cells was calculated as: PI-positive cells = (the number of PI-stained cells/the number of total cells) × 100.
Ergosterol determination
Cellular ertosterol was determined by the spectrophotometric method (Swan and Watson 1998) . Briefly, cells were collected after normal or heat shock treatment and washed with dH 2 O twice. Then the samples were digested in 25% KOH/ethanol (w/v) at 85-90 • C for 3 h. After digestion, saponified samples were extracted into n-heptane. Then ergosterol was measured by the spectrophotometric method at 281.5 nm. The content of ergosterol was normalized by cell density and the relative ergosterol content was calculated.
Cell wall component content determination
Chitin Cells were collected, washed with PBS and resuspended with PBS. Then cells were stained with 20 μg/mL CFW (dissolved in distilled water; Sigma-Aldrich, USA) for 5 min and washed with PBS. The fluorescence of the suspensions (excitation wavelength 325 nm, emission wavelength 435 nm) was recorded by a fluorescence microplate reader (Perkin Elmer, USA) and OD 600 was determined.
β-1,3-Glucan
Cells were collected, washed with Tris-EDTA buffer solution twice and resuspended with 500 μL Tris-EDTA buffer solution. After addition of 6 M NaOH to a final concentration of 1 M, cells were heated at 80
• C for 30 min. Then 2.1 mL AB solution (0.03% aniline blue, 0.18 M HCl, 0.49 M glycine, pH 9.5) was added to the samples. The samples were incubated at 50
• C for 30 min and placed at room temperature for 30 min. The fluorescence of the suspensions (excitation wavelength 400 nm, emission wavelength 460 nm) was recorded by a fluorescence microplate reader (Perkin Elmer) and OD 600 was determined.
Phosphomannan
Cells were collected and OD 600 was determined. Then the cells were washed with 0.02 M HCl and suspended with 1 mL alcian blue solution (50 μg alcian blue dissolved in 1 mL 0.02 M HCl). After incubation at room temperature for 10 min, cells were centrifuged at 13800×g for 5 min. The OD 600 of supernatant was determined.
Metal analysis by inductively coupled plasma atomic emission spectroscopy
Cells were collected and washed six times with deionized water. Cell pellets were weighed and digested in 500 μL of 30% nitric acid at 100
• C for 2 h. After digestion, the samples were diluted to 5 mL with deionized water and analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-AES) to determine the potassium ion content. The data were expressed as micrograms of potassium per gram of fungal cells.
Analysis of cell depolarization
Cells were collected, washed with PBS and suspended in PBS. Then cells were stained with 10 μL bis-(1,3-dibutylbarbituric acid) (DiBAC 4 (3); dissolved in DMSO, stock concentration was 1 mM; Everbright) for 10-15 min. After staining, cells were washed with PBS and suspended in 500 μL PBS. The fluorescence of the suspensions (excitation wavelength 488 nm, emission wavelength 520 nm) was recorded by a fluorescence microplate reader (Perkin Elmer) and OD 600 was determined. At the same time, cells were observed and photographed with a fluorescence microscope (BX-53, Olympus, Japan).
Cell membrane fluidity measurement
Laurdan was developed for estimation of polarity in proteins and has now been used more generally to measure the fluidity of lipid bilayers (Bagatolli 2003) . In an ordered lipid phase it gives a blue emission, while there is a red-shift when the lipid phase becomes disordered. Cells were collected, washed with PBS and resuspended in 500 μL PBS. The cells were stained with 10 μM laurdan (dissolved in DMSO, Anaspec) for 2 min and immediately detected with a fluorescence microplate reader (Perkin Elmer).
RESULTS
Spt23 is required for cell growth under high temperature culture condition
In our previous studies, we have demonstrated that cellular unsaturated fatty acids, desaturase genes and the transcriptional factor Spt23 are involved in stress responses, including low temperature, ethanol, CFW, osmotic stress, oxidative stress, and so on (Yu et al. 2012a,b; Zhang et al. 2015 Zhang et al. , 2016 . In this study, we found that deletion of SPT23 resulted in growth defects under 37
• C culture condition (Fig. 1a) . As Spt23 mainly regulated the expression of -9 desaturase genes (FAD9A and FAD9B), we further tested the sensitivity to high temperature of other desaturase mutant strains. In Pichia pastoris, FAD12 encodes -12 desaturase and FAD15 encodes -15 desaturase. According to the results shown in Fig. 1a , disruption of FAD9A, FAD9B, FAD12 or FAD15 did not have a negative effect on cell growth. Combined with the growth inhibition results in liquid medium (Fig. 1b) , this suggested that Spt23 was involved in high temperature response. In Cryptococcus neoformans, loss of MGA2 (a homologous gene of SPT23) produced defective morphology upon high temperature conditions, such as multiple buds and misshapen buds (Kraus et al. 2004) . However, spt23 mutant cells maintained normal cell morphology, indicating that growth defect under high temperature is irrelevant with morphogenesis (Fig. 1c) . We then measured the expression level of SPT23 under 37
• C or heat shock conditions. The results showed that high temperature can activate SPT23 transcription (Fig. 1d) . Further, we found that addition of oleic acid can restore the growth defect of spt23 under 37 • C culture conditions (Fig. 1e) . Taken together, these results indicate that Spt23 is required for cell growth under high temperature culture conditions.
Loss of SPT23 did not impair heat shock response process
Genes encoding HSPs can be induced when cells are exposed to sublethal heat shock. Hence, expression level changes of genes encoding HSPs were tested in the wild-type strain GS115 and spt23 mutant strain after grown at 30
• C, 37
• C and upon a 15 min heat shock from 30
• C to 42
• C (Fig. 2a-c) . Both in the wild-type strain and the mutant strain, the expression levels of HSF1, HSP90 and HSP104 increased under heat treatments, especially upon heat shock. Besides, the relative expression changes between heat treatment and normal conditions in GS115 and spt23 were the same (Fig. 2d) . Further, protein expression levels and cellular localization of heat shock transcription factor Hsf1 were tested. The results showed that both in GS115 and spt23 , Hsf1 protein expression can be activated at the same level under heat shock conditions (Fig. 2e) . Deletion of SPT23 did not affect cellular localization of Hsf1 (Fig. 2f) . Taken together, the results suggest that the heat shock response process can be activated normally in the spt23 mutant strain and the sensitivity of spt23 to high temperature may have other causes.
Plasma membrane damage occurred in spt23 under high temperature conditions
In our previous studies, it was demonstrated that Spt23 mainly regulated fatty acid desaturase genes and played roles in maintaining lipid homeostasis. Hence, we speculated that the sensitivity of spt23 to high temperature was associated with plasma membrane damage. Addition of 1 M sorbitol can restore the growth defect of spt23 at 37
• C (Fig. 3a) , which suggested that the stabilization of osmotic pressure contributed to the growth of spt23 under high temperature conditions. Then the major osmolyte arabitol (Dragosits et al. 2010) was added into the medium and cell viability was determined by PI staining. As shown in Fig. 3b , under 30
• C culture conditions, the percentage of PI-positive cells of GS115 approached zero, while the percentage of PI-positive cells of spt23 was about 5%. Under heat shock treatment, the percentage of PI-positive cells of GS115 was increased by about 4%, while it was sharply increased by about 16% in spt23 . The results indicated that cell growth is impaired under high temperatures in the absence of the transcriptional factor. As PI can only enter the cells whose plasma membrane permeability is lost, so deletion of SPT23 led to increased plasma membrane permeability, affected cell membrane properties and ultimately caused cell death. Addition of arabitol can restore the growth defect of GS115 upon heat shock conditions. However, the percentage of PI-positive cells of spt23 only decreased to about 11%. Taken together, the sensitivity of spt23 to high temperature is associated with plasma membrane damage. Further, we examined the expression level changes of phospholipid and ergosterol synthesis-related genes upon heat shock conditions. As shown in Fig. 3c, under 30 • C culture conditions, the expression levels of phospholipid synthesis-related genes in spt23 were slightly lower than the wild-type strain. When cells were treated with heat shock conditions, the expression levels of SCT1 and GPT2 decreased, SLC1 increased and ALE1 remained unchanged in both the wild-type strain and the mutant strain. This suggested that deletion of SPT23 did not affect phospholipid synthesis under high temperature. Different from phospholipid, deletion of SPT23 led to expression changes in ergosterol synthesis. As shown in Fig. 3d , under 30
• C culture conditions, the expression levels of ERG2, ERG3, ERG6 and ERG11 in spt23 were slightly higher than the wild-type strain. When cells were treated with heat shock, expression levels of ERG2, ERG3, ERG6 and ERG11 increased and ERG24 remained the same level in GS115. However, expression levels of these genes decreased obviously in spt23 . Then, the ergosterol synthesis inhibitor fluconazole was used to test whether ergosterol was involved in the response to heat stress (Fig. 3e ). GS115
showed a growth defect when fluconazole was added in the medium and the growth defect was aggravated by increased temperature. Besides, the mutant strain spt23 cannot grow in medium containing fluconazole. Ergosterol contents were measured when cells were cultured under normal and heat conditions (Fig. 3f) . The results showed that heat stress induced ergosterol synthesis both in the wild-type strain and the mutant strain, while whether under normal or heat conditions, deletion of SPT23 led to an obvious reduction in ergosterol content. The results indicated that synthesis of ergosterol plays an important role in response to heat stress. The sensitivity of spt23 to heat stress might be attributed to a lipid metabolism disorder. 
Plasma membrane properties are changed in spt23 upon heat shock conditions
According to the results above, we found that deletion of SPT23 led to plasma membrane damage upon high temperature conditions. To further confirm the results, we tested a series of plasma membrane properties between the wild-type strain GS115 and the mutant strain spt23 . Observation of the phenotype showed that spt23 was sensitive to 5 mM CuSO 4 (Fig. 4a) . Copper is an essential metal ion for cell growth and can be toxic when accumulated to high concentrations (Zhu et al. 1998) . It has been proved that the initial site of copper action is plasma membrane, especially in fungi and yeasts, and then copper can interact with nucleic acids and enzymes so that normal cell physiology is impaired (Ohsumi, Kitamoto and Anraku 1988; Cervantes and Gutierrez-Corona 1994; Stohs and Bagchi 1995) . Copper toxicity mainly has two aspects. Towards fungi and yeasts, it affects membrane integrity. Towards higher organisms, its affects are attributed to oxidative stress (Avery, Howlett and Radice 1996) .
Leakage of mobile cellular solutes (e.g. K + ) is an important indicator of a decrease in plasma membrane integrity. To investigate the effect of SPT23 disruption to plasma membrane integrity, we measured potassium ion content by ICP-AES in GS115 and spt23 under different culture conditions. The results showed that cellular potassium ion content decreased in GS115, which suggested that CuSO 4 addition led to a decrease in plasma membrane integrity. Under normal, heat shock or CuSO 4 -addition culture conditions, the spt23 mutant had significantly lower potassium ion levels in comparison with the wild-type strain (Fig. 4b) . This demonstrated that SPT23 disruption resulted in decreased plasma membrane integrity and that plasma membrane damage was more easily caused by environmental stresses in spt23 . To further investigate the role of Spt23 in maintaining plasma membrane properties, protein expression of Spt23 was analyzed (Fig. 4c) . Under 30
• C culture conditions, western blotting assay showed two protein bands of Spt23, namely a fulllength inactive protein band (the upper band) and an active fragment band (the lower band). The ratio of active protein to 
full-length protein under 30
• C culture conditions was set to 1.00.
As the standard above, the ratios under heat shock and CuSO 4 addition treatments were 0.78 and 0.51, respectively. This suggested that heat shock and CuSO 4 addition treatments affected Spt23 processing. Furthermore, in addition to the decrease in the active protein fragment, a reduction of Spt23 protein level was found under CuSO 4 treatment. In yeast, Spt23 processing is regulated by protease (Braun et al. 2002) . Besides, it was reported that copper has the ability to inhibit the protease (Karlstrom and Levine 1991), so we speculated that the protease may be affected by addition of copper, influencing further Spt23 processing in Pichia pastoris. These results demonstrated that Spt23 was involved in the maintenance of plasma membrane integrity.
Further, membrane polarization was tested by the anionic oxonol dye DiBAC 4 (3). The uptake of DiBAC 4 (3) occurs in damaged cells and increases with depolarization of the cell membrane (Davey et al. 2004) . The results showed that under normal culture condition, there was a 1.5-fold increase in the fluorescence intensity in the spt23 mutant, which indicated that SPT23 disruption resulted in membrane depolarization. After heat shock treatment, the fluorescence intensity was increased about 1.5-fold in GS115 and 3-fold in spt23 (Fig. 4d and e) . These results suggested that deletion of SPT23 led to a higher proportion of cells with depolarized membranes.
Membrane fluidity is another important indicator of cell membrane properties. To determine whether the sensitivity to high temperature in spt23 was a consequence of changes in membrane fluidity, we monitored membrane fluidity by the fluorescent probe laurdan. Unexpectedly, no red-shift or blue-shift was observed, indicating no difference between the wild-type strain and the mutant strain in membrane fluidity (Fig. 4f) .
Finally, the ability to acquire thermal resistance was measured in GS115 and spt23 . As shown in Fig. 4g , a heat slope reduced plasma membrane damage to a certain extent. The percentage of PI-positive cells decreased to the normal level in GS115, while there was still a higher proportion of PI-positive cell (13%) in spt23 . This suggested that disruption of SPT23 impacted the ability to acquire thermal resistance. Taken together, Spt23 played important roles in the maintenance of plasma membrane properties.
Cell wall component changed in spt23 upon heat shock conditions
The cell wall and plasma membrane together constitute the cell barrier to resist environmental stresses. To investigate SPT23 disruption on cell wall integrity, we determined cell wall components in the wild-type strain GS115 and the mutant strain spt23 . The results showed that deletion of SPT23 led to an increased chitin content under 30
• C conditions and heat shock resulted in a further chitin content increase. Yet, the chitin content of GS115 almost retained the same level (Fig. 5a ). The contents of β-1,3-glucan in GS115 and spt23 were similar (Fig. 5b ). In contrast to the results for chitin content, deletion of SPT23 led to a decrease in phosphomannan content under 30
• C conditions and heat shock resulted in a further chitin content decrease (Fig. 5c ). These results revealed that change in cell wall components may be related to the sensitivity of spt23 to high temperature.
DISCUSSION
Response to external stimulation relies first on the perception of environmental changes. As the barrier between the intracellular and extracellular environment, plasma membrane and cell wall play important roles in sensing changes and in protection from damage. In this study, we found that deletion of SPT23 resulted in growth defects under high temperature culture conditions. Large numbers of studies have demonstrated that cells can inhibit the normal metabolic processes under sublethal heat treatment, and can induce HSP expression (Morimoto 1993; Feder and Hofmann 1999) . In Candida albicans, OLE1 disruption prevented full activation of Hsf1 and reduced HSP expression in response to heat shock (Leach and Cowen 2014) . However, our findings showed that transcription of various HSPs (HSF1, HSP90 and HSP104) was normally activated. Likewise, protein level and cellular localization of Hsf1 showed no difference between the wild-type strain and the mutant strain. These results revealed that the sensitivity to high temperature in spt23 was independent of the heat shock response.
In our previous studies, we have demonstrated that Spt23 is a transcriptional factor that regulates the expression level of -9 desaturase-encoding genes (FAD9A and FAD9B) in Pichia pastoris (Yu et al. 2012a) . Deletion of SPT23 resulted in increased sensitivities to ethanol and CFW that was related to plasma membrane damage. Besides, Spt23 is also involved in cellular lipid homeostasis (Zhang et al. 2016) . Hence, this suggested that Spt23 is associated with plasma membrane properties.
Plasma membrane has the function of sensing ambient temperature changes. The properties of plasma membrane change according to the environmental temperature. Once the temperature rises beyond a level acceptable for the organism, it can lead to membrane permeability, disorganization of the lipid/protein membrane order, decreased membrane integrity and finally cell death (Hazel 1995; Los and Murata 2004) . Our results showed that SPT23 disruption led to plasma membrane damage, including increased membrane permeability and depolarization, and decreased membrane integrity. This suggested that without the presence of Spt23, the plasma membrane became more fragile so that spt23 exhibited growth defects under high temperature culture conditions. In Cryptococcus neoformans, the transcription factor homolog Mga2 was involved in high temperature growth and the gene expression of MGA2 was induced at 37
• C. In S.
cerevisiae, deletion of SPT23 and MGA2 simultaneously resulted in obviously decreased unsaturated fatty acid synthesis and a separation of inner and outer nuclear membranes with vesiclelike projections (Zhang, Skalsky and Garfinkel 1999) . In our previous studies, we have demonstrated that Spt23 is essential for cell growth under ethanol treatment (Zhang et al. 2016 ). These facts above revealed that Spt23 played a critical role in membrane system homeostasis.
In yeast cells, cell membrane is mainly composed of phospholipids, sphingolipid, ergosterol and proteins. Different types of membrane lipids share responsibility for maintenance of cell membrane properties to accommodate changes in the external environment. For example, in response to ethanol stress, plasma membrane composition was modified by elevating the content of ergosterol and unsaturated lipids (del Castillo Agudo 1992; You, Rosenfield and Knipple 2003; Arroyo-Lopez et al. 2010) . Salty stress resulted in changes of membrane permeability (Ashraf and Ali 2008) , membrane lipid composition (Wu, Seliskar and Gallagher 2005; Salama et al. 2007) , membrane potential (Serrano et al. 1999 ) and membrane-bound enzymes (Cosentino et al. 2010) . Overexpression of ω-3 desaturase increased tolerance to osmotic stress in tobacco cells (Zhang et al. 2005) .
Besides alterations in membrane properties, our results showed that cell wall components changed in spt23 upon heat shock conditions. Yeast cell wall integrity signaling can regulate fungal cell wall synthesis and the cell wall integrity sensors reside at the plasma membrane (Kock, Dufrene and Heinisch 2015) . As disruption of SPT23 led to plasma membrane damage, we speculated that disorder of membrane properties may impair cell wall integrity sensors that the spt23 mutant cannot maintain its normal cell wall composition. Defective cell wall further promoted cell damage without normal plasma membrane protection.
In summary, organisms can regulate cell membrane properties by changing membrane lipid composition. Among varieties of membrane lipids, unsaturated fatty acids played an essential role in maintaining membrane homeostasis to assist cells in response to environmental stimuli. Our study for the first time links Spt23, plasma membrane properties and heat sensitivity together to discuss the importance of Spt23 in protecting cells from heat stress.
